The utility of adenovirus (Ad) vectors for gene therapy is restricted by their inability to selectively transduce disease-affected tissues. This limitation may be overcome by the derivation of vectors capable of interacting with receptors specifically expressed in the target tissue. Previous attempts to alter Ad tropism by genetic modification of the Ad fiber have had limited success due to structural conflicts between the fiber and the targeting ligand. Here we present a strategy to derive an Ad vector with enhanced targeting potential by a radical replacement of the fiber protein in the Ad capsid with a chimeric molecule containing a heterologous trimerization motif and a receptor-binding ligand. Our approach, which capitalized upon the overall structural similarity between the human Ad type 5 (Ad5) fiber and bacteriophage T4 fibritin proteins, has resulted in the generation of a genetically modified Ad5 incorporating chimeric fiber-fibritin proteins targeted to artificial receptor molecules. Gene transfer studies employing this novel viral vector have demonstrated its capacity to efficiently deliver a transgene payload to the target cells in a receptor-specific manner.
Human adenoviruses (Ad) of serotypes 2 and 5 (Ad2 and Ad5) have been extensively used for a variety of gene therapy applications. This is largely due to the ability of these vectors to efficiently deliver therapeutic genes to a wide range of different cell types. However, the promiscuous tropism of Ad resulting from the widespread distribution of its primary cellular receptor, the coxsackievirus and Ad receptor (CAR) (1, 28) , limits the utility of Ad vectors in those clinical contexts where selective delivery of a therapeutic transgene to diseased tissue is required. Uncontrolled transduction of normal tissues with Ad vectors expressing potentially toxic gene products may lead to a series of side effects, thereby undermining the efficacy of the therapy. Furthermore, cellular targets expressing CAR below certain threshold levels are not susceptible to Ad-based therapies due to their inability to support Ad infection. Therefore, the dependence of the efficiency of the Ad-mediated cell transduction on the levels of CAR expression by the target cell presents a serious challenge for the further development of Ad-based gene therapeutics.
In order to overcome this limitation, the concept of genetic targeting of Ad vectors to specific cell surface receptors has been proposed. Strategies to retarget Ad vectors are based on the currently accepted model of Ad infection (for a review, see reference 16) , which postulates that the initial binding of the Ad virion to the cell is mediated by the attachment of the globular knob domain of the Ad fiber protein to CAR. This is then followed by an internalization step triggered by the interaction of the RGD-containing loop of a second Ad capsid protein, the penton base, with cellular integrins. Although recent studies have shown that representatives of different Ad serotypes may utilize cell receptors other than CAR, the twostep mechanism of cell entry established for Ad2 and Ad5 appears to be common to the majority of human Ad serotypes. As the fiber protein is the key mediator of the cell attachment pathway employed by Ad, genetic incorporation of targeting ligands within this viral protein was originally proposed as the strategy to derive targeted, cell type-specific Ad vectors (21) .
Each of the rodlike fiber proteins localized at the vertices of icosahedral Ad5 capsid is a homotrimer which consists of three identical copies of a 62-kDa polypeptide (for a review see reference 4). This trimeric molecule has a domain organization, with each domain playing important roles in the structure and function of the virion. Whereas the amino-terminal tail domain is responsible for association of the fiber with the penton base, the carboxy-terminal knob domain, which has a propellerlike structure formed by two ␤-sheets (34), performs two distinct functions, both vital for virus assembly and propagation. In addition to forming the CAR-binding site, which is formed by residues from the AB loop, ␤-strand B, and the DE loop (for details, see reference 25), the knob initiates and maintains the trimerization of the entire fiber molecule. This trimerization is critical for the successful formation of the virion, as monomeric fibers cannot associate with the penton base (24) . The knob and the tail of the fiber are connected by the ␤-spiral shaft domain (30) , which extends the knob away from the surface of the virion, thereby facilitating interaction with CAR.
Early attempts to generate Ad vectors possessing expanded tropism involved incorporation of short peptide ligands into either the carboxy terminus (32, 33) or the so-called HI loop (7) of the knob of the Ad fiber protein. Although these studies demonstrated the feasibility of genetic targeting of Ad and showed the potential utility of such vectors in the context of several disease models (14, 29) , further progress in this direction has been hampered by the structural conflicts often observed as a result of modification of the fiber structure (33) .
Due to the rather complex structure of the fiber knob domain, even minor modifications to this portion of the molecule may destabilize the fiber, thereby rendering it incapable of trimerization and hence nonfunctional. According to the published data, the upper size limit for a targeting ligand to be incorporated into Ad5 fiber is about 30 amino acid residues (13, 33) , which dramatically narrows the repertoire of targeting moieties, thereby restricting the choice of potential receptors and, therefore, cell targets. As a result of this limitation, only a handful of heterologous peptide ligands [oligolysine, FLAG, RGD-4C, RGS(His) 6 , and HA epitope] have been successfully used in the context of Ad5 fiber modification. The task of Ad targeting is further complicated by the need to ablate the native receptor-binding sites within the fiber of an Ad vector to make it truly targeted.
This study presents an alternative approach to Ad targeting based on replacement of the native fiber in an Ad capsid with a chimeric protein, which results in permanent ablation of native Ad receptor tropism and simultaneously offers flexibility in the generation of novel vector tropism.
MATERIALS AND METHODS
Cell lines. The 293 human kidney cell line transformed with Ad5 DNA was purchased from Microbix (Toronto, Ontario, Canada). The 211B cell line, a derivative of 293 which constitutively expresses the Ad5 fiber protein (31), was obtained from Dan Von Seggern (The Scripps Research Institute, La Jolla, Calif.). The 293/6H cell line was generated by transfection of 293 cells with the plasmid vector to express an artificial receptor capable of binding proteins containing carboxy-terminal six-histidine tags (8) . All cell lines were grown at 37°C in Dulbecco's minimal essential medium (DMEM)-F12 medium supplemented with 10% fetal bovine serum in a humidified atmosphere of 5% CO 2 .
Genetic engineering. All recombinant DNA molecules generated in this study were designed by standard methods of genetic engineering (described in reference 26). Restriction endonucleases, T4 DNA ligase, and Klenow enzyme were from New England Biolabs (Beverly, Mass.). PCR was performed with Pfu DNA polymerase purchased from Stratagene (La Jolla, Calif.). In order to PCR amplify segments of the fibritin gene, bacteriophage T4 DNA obtained from Sigma (St. Louis, Mo.) was used as a template. Recombinant Ad genomes were derived by homologous DNA recombination in Escherichia coli BJ5183 essentially as described previously (3) . Details of all DNA manipulation experiments are available upon request.
Bacterial expression of recombinant fibritin proteins. Recombinant forms of the fibritin-derived proteins bearing six-His tags were expressed in E. coli M15(pREP4) cells by using vectors of the pQE series (Qiagen, Valencia, Calif.). Induction of protein expression and subsequent purification by immobilized metal ion affinity chromatography of recombinant products on Ni-nitrilotriacetic acid (NTA)-agarose were done according to the manufacturer's recommendations.
Ad vectors. Firefly luciferase-expressing Ad utilized in this study, Ad5Luc1 and Ad5LucFF/6H, are first-generation vectors with E1 deleted based on human Ad serotype 5. The viruses were rescued by transfection of either 293 (12) or 211B (31) cells with recombinant Ad genomes generated in E. coli. The particle titer of CsCl-purified viruses amplified in 293 or 211B cells was determined as described by Mittereder et al. (23) , whereas the infectious titer of the vectors was obtained in a spot assay as developed by Bewig and Schmidt (2) .
ELISA. Two-hundred-nanogram aliquots of soluble CAR protein (sCAR) (6) were adsorbed to the wells of an enzyme-linked immunosorbent assay (ELISA) plate, unbound sCAR was aspirated, and the wells were blocked with blocking buffer (0.05% Tween 20, 2% bovine serum albumin in phosphate-buffered saline [PBS] ). Purified viruses diluted in blocking buffer to concentrations ranging from 0.12 to 10 g/ml were added to the wells in 100-l aliquots and allowed to bind with the receptor for 1 h. The plate was washed with washing buffer (0.05% Tween 20, 0.5% bovine serum albumin in PBS), and the bound virus was probed with the rabbit anti-Ad2 serum (American Type Culture Collection, Manassas, Va.). Following incubation for another hour, the wells were washed, incubated with goat anti-rabbit immunoglobulin G conjugated to horseradish peroxidase (DAKO, Carpinteria, Calif.), washed again, and developed with o-phenylenediamine (Sigma) as recommended by the manufacturer. The absorbance of samples at 490 nm was then determined with a microtiter plate reader.
Gene transfer experiments. Cells grown in the wells of 24-well plates to 90 to 100% confluence were washed with DMEM-F12-2% fetal calf serum and then infected for 30 min with an Ad vector diluted in 0.4 ml of the same medium. The multiplicities of infection (MOIs) were 40, 400, and 4,000 virus particles per cell. The infected monolayers were then incubated at 37°C in an atmosphere of 5% CO 2 . Twenty hours postinfection, the virus-containing medium was aspirated and the cells were washed with PBS and lysed in 0.25 ml of Luciferase Reporter Lysis buffer (Promega, Madison, Wis.). The luciferase activities in the cell lysates were then measured according to the manufacturer's protocol. Each data point was set in triplicate and calculated as the mean of three determinations.
Inhibition of Ad5LucFF/6H-mediated gene transfer to 293/6H cells. The inhibition experiment was done essentially as described above for gene transfer to 293 and 293/6H cells. Prior to infection with Ad5LucFF/6H (MOI ϭ 40 virions per cell), the cells were incubated for 10 min at room temperature with 0.2 ml of serial 10-fold dilutions of either recombinant fibritin or Ad5 fiber knob (17) in PBS. Then, a 0.2-ml aliquot of vector was added to each well, and the incubation was continued for another 30 min. The medium containing the virus and the inhibiting protein was removed, and the cell monolayers were washed with DMEM-F12-2% fetal calf serum and overlaid with fresh medium. The levels of luciferase activity detected in the cell lysates 20 h postinfection were normalized to those registered in mock-infected controls.
RESULTS
Design, expression, and characterization of a recombinant fiber-fibritin-ligand chimera. This work was driven by the hypothesis that genetic targeting of Ad could best be achieved by "splitting" the functions normally performed by the knob domain of the Ad5 fiber between two different protein moieties which would substitute for the knob. Specifically, we chose to replace the knob of the fiber with a heterologous trimerization motif to maintain trimerization of the knobless fiber and to simultaneously introduce a ligand capable of targeting the virion to a novel receptor. Therefore, in marked contrast to the previous attempts to fit a desired ligand into the highly complex framework of the fiber knob domain, we employed a radical replacement of the fiber with a protein chimera, rationally designed to carry out the fiber's functions.
The fiber-replacing molecule engineered in this study incorporated the tail and two amino-terminal repeats of the shaft domain of the Ad5 fiber protein genetically fused with a truncated form of the bacteriophage T4 fibritin protein, which was employed as the heterologous trimerizing moiety in order to compensate for the knob deletion ( Fig. 1A and B) . The choice of the T4 fibritin as the component of the fiber chimera was dictated by a number of its structural features. The fibritin protein is a product of the wac gene, which forms the "collar" and the "whiskers" of the T4 capsid, where it mediates assembly of the long tail fibers and their subsequent attachment to the tail baseplate. Trimerization of this rodlike, 486-aminoacid-long protein is initiated and maintained by the short (30-amino-acid-long) carboxy-terminal domain, or "foldon," which is stabilized by a number of hydrophobic interactions and hydrogen bonds (27) . The central ␣-helical domain of fibritin, which consists of 12 segments of parallel triple coiled coils separated by flexible loop structures, passively follows the trimerization initiated at the carboxy terminus of the molecule. The trimeric structure of fibritin is extremely stable and is not compromised by either extensive amino-terminal deletions (up to 92% of the molecule) (19) or carboxy-terminal insertions up to at least 163 amino acids long (V. V. Mesyanzhinov, personal communication). For the purposes of this study, it is important to mention that no receptor-binding function has been shown for fibritin.
In order to provide a receptor-binding ligand, we chose to incorporate into the design of this fiber-fibritin chimera a carboxy-terminal six-His sequence connected to the fibritin protein via a short peptide linker. The purpose of this maneuver was to demonstrate the feasibility of targeting fibritin-containing Ad vectors to alternative cell surface receptors by directing the modified vector to an artificial receptor (AR), which is expressed on the surface of 293/6H cells previously derived in our laboratory. The extracellular domain of this AR is an anti-five-His single-chain antibody, which is genetically fused with the transmembrane domain of the platelet-derived growth factor receptor (8) . In addition to receptor binding, this six-His sequence was employed to facilitate the detection and purification of the fiber-fibritin-six-His chimera, FF/6H, and Ad virions incorporating this protein.
For the purposes of preliminary characterization, the FF/6H chimeric protein was initially expressed in E. coli and purified on an Ni-NTA-agarose column. Subsequent sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the purified chimeric protein proved that it is trimeric and that the FF/6H trimers are as stable in an SDS-containing gel as the trimers of the wild-type Ad5 fiber (Fig. 1C) . Efficient binding of the FF/6H protein to a Ni-NTA-containing matrix proved that the six-His ligand was available for binding in the context of this trimeric molecule. According to this analysis, truncated T4 fibritin incorporated into the FF/6H protein was able to direct trimerization of the chimera and also successfully served the purposes of ligand presentation, thereby satisfying the two key functional criteria of an ideal fiber-replacing molecule.
Fiber-fibritin-ligand chimera efficiently incorporates into mature Ad5 virions. In order to evaluate the functional utility of the FF/6H chimeras incorporated into a mature Ad particle, we employed homologous DNA recombination in E. coli (15) to insert the FF/6H-encoding gene into the genome of the firefly luciferase-expressing Ad5 with E1 deleted, in place of the wild-type fiber gene. The virus of interest, Ad5LucFF/6H, was then rescued by transfection of 211B cells with the resultant Ad genome. 211B cells, a derivative of 293 cells which constitutively express the wild-type Ad5 fiber protein (31), were chosen for this transfection experiment in order to guarantee the success of the viral rescue. Ad5LucFF/6H was further expanded on 211B cells and purified by double banding in a CsCl gradient. At this point, the virus stock contained mosaic virions bearing a mixture of the wild-type fibers and FF/6H chimeras (data not shown). In order to obtain a homogenous population of Ad5LucFF/6H virions lacking the wild-type fibers, but exclusively incorporating FF/6H proteins, the original virus stock was then used to infect 293/6H cells at an MOI of 1,000 virus particles per cell. CsCl gradient purification of Ad5LucFF/6H virions isolated from the lysates of infected 293/6H cells 72 h postinfection (at which point a complete cytopathic effect was observed) resulted in a yield of 3 ϫ 10 4 virus particles per cell, which is well within the range of yields characteristic for Ad5 vectors with E1 deleted.
Our next goal was to demonstrate that the FF/6H chimeras had been incorporated into the Ad5LucFF/6H capsids. Since fiberless Ad5 virions have been successfully purified on CsCl gradients by others (18, 31) , it was possible that the putative Ad5LucFF/6H virions isolated in our study lacked FF/6H proteins. This was ruled out by SDS-PAGE of purified Ad5LucFF/6H virions and a Western blot analysis utilizing antisera specific to all three major components of the FF/6H chimera, the fiber tail, the fibritin, and the six-His ligand ( Fig.  2A and B) . These assays showed that the capsid of Ad5LucFF/6H virions consists of completely matured Ad proteins and incorporates full-size FF/6H chimeras. As expected, no wild-type fibers were found in this preparation of Ad5LucFF/6H. The lack of wild-type Ad5 fibers in this stock of the vector was further confirmed by a Western blot of Ad5LucFF/6H using the anti-Ad5 fiber knob-specific monoclonal antibody 1D6.14 (9) (Fig. 2C) .
These findings were further corroborated in an experiment involving binding of purified Ad5LucFF/6H virions to Ni-NTA-resin; in contrast to the Ad vector containing wild-type fibers, which did not bind to the matrix, Ad5LucFF/6H clearly demonstrated six-His-mediated binding to the resin (Fig. 3) . Therefore, in addition to its ability to assume a trimeric configuration and bind to a receptor-mimicking molecule, the FF/6H chimera also retained the capacity to be incorporated into mature Ad capsids.
Restriction enzyme analysis of the Ad5LucFF/6H genome, diagnostic PCR utilizing a pair of primers flanking the fiber gene in the Ad5 genome (Fig. 4) , and partial sequencing of Ad5LucFF/6H DNA all demonstrated that the viral genome was stable and that the only fiber-encoding gene present was the FF/6H gene. This set of experiments completed the molecular characterization of Ad5LucFF/6H by confirming both the identity and the integrity of the virus capsid and its genome.
Ad5LucFF/6H vector containing FF/6H protein chimeras lacks tropism to CAR and is capable of efficient and target receptor-specific gene delivery. As Ad5LucFF/6H was designed for CAR-independent delivery of transgenes to ARexpressing cells, we wished to prove that this vector is not capable of binding to CAR and that its cell attachment occurs solely via interaction with AR. This vector's lack of CAR-binding capacity was first confirmed by an ELISA utilizing a soluble form of the human CAR protein, sCAR (6) , and purified Ad virions. As expected, this assay showed that in contrast to the Ad vector incorporating wild-type Ad5 fibers (Ad5Luc1, which binds to sCAR in an efficient, dose-dependent manner), Ad5LucFF/6H clearly fails to bind CAR (Fig. 5A ). This lack of Ad5LucFF/6H tropism to CAR was further confirmed in a gene transfer experiment employing E. coli-expressed Ad5 fiber knob protein (17) as a CAR-blocking competitor. By binding to CAR present on 293/6H cells, the knob protein blocked 91 and 98% of Ad5Luc1-mediated gene delivery at concentrations of 1 and 10 g/ml, respectively, whereas no significant inhibition was seen for the Ad5LucFF/6H vector (Fig. 5B) . In the aggregate, these data proved the inability of Ad5LucFF/6H to bind to cognate Ad5 receptor and, therefore, to use the native mechanism of cell attachment.
We next sought to test whether the six-His tags of the fiberfibritin proteins incorporated into Ad5LucFF/6H virions are capable of functioning as receptor-binding ligands and mediating binding to AR expressed by 293/6H cells (8) . This was addressed by another gene transfer experiment employing two different forms of recombinant fibritin proteins as blocking agents, only one of which, fibritin-6H, contained a carboxyterminal six-His tag (Fig. 6A) . The purpose of using fibritin, which lacks the carboxy-terminal tag, was to provide additional evidence that the backbone of the fibritin molecule does not contribute to binding to the AR or any other cell surface receptor. Dose-dependent inhibition of Ad5LucFF/6H infection of 293/6H cells with fibritin-6H, but not with the fibritin lacking the six-His tag, proved that this ligand is the component of the virion solely responsible for binding of the virus to target cells.
We then wished to compare the efficiency of the cell entry pathway used by Ad5LucFF/6H with the natural, CAR-mediated mechanism of cell attachment utilized by unmodified Ad vectors. Based on the significant difference in the dissociation constants (k d ) previously determined for the Ad5 fiber-CAR interaction, 4 ϫ 10 Ϫ9 M (5), and for the five-His-anti-five-His monoclonal antibody (MAb) 3D5 interaction, 4.75 ϫ 10 Ϫ7 M   FIG. 3 . Binding of Ad5LucFF/6H virions to Ni-NTA-agarose. Wild-type Ad5 or Ad5LucFF/6H were incubated with an aliquot of Ni-NTA-resin for 1 h. The matrix was pelleted by centrifugation, and the supernatant was removed and then incubated with a second aliquot of Ni-NTA-agarose. Aliquots of material subsequently eluted from the resin, as well as an aliquot of the material present in the supernatant after two sequential incubations with the resin, were separated on an SDS-10% PAGE gel (wild-type Ad5 in lanes 1 through 4 and Ad5LucFF/6H in lanes 5 through 8) and then stained (A) or probed with either the anti-fiber tail MAb 4D2 (B) or the anti-five-His MAb Penta-His (C). Lane M, molecular mass marker; lanes 1 and 5, aliquot of the virus prior to incubation with Ni-NTA-agarose; lanes 2 and 6, material bound to the first aliquot of the resin; lanes 3 and 7, material bound to the second aliquot of the resin; lanes 4 and 8, material remaining in the supernatant after two sequential bindings to the resin. Incomplete binding of Ad5LucFF/6H virions to Ni-NTA-agarose is most likely due to the small size of the pores in the Sepharose CL-6B used as the matrix for manufacturing Ni-NTA-agarose. According to the manufacturer's specifications, the size of those pores does not allow protein molecules with a molecular mass larger that 4 MDa to enter the pores. Thus, the Ni-NTA groups which are localized on the surfaces of the Sepharose particles (a relatively small percentage) are accessible to the six-His-tagged virions, whereas those hidden inside the pores (the majority) are not. infected with Ad5LucFF/6H. Importantly, there was an increase of 2 orders of magnitude in Ad5LucFF/6H-expressed luciferase activities detected in 293/6H cells expressing AR compared to that in parental 293 cells infected with the same vector. Transduction of 293 cells revealed a 1,300-to 6,900-fold difference in luciferase expression in the Ad5Luc1-and Ad5LucFF/6H-infected cells. The poor transduction of 293 cells by Ad5LucFF/6H further proved the inability of this vector with the fiber deleted to use CAR, which is abundantly expressed by these cells (7), for cell attachment.
In order to find out whether the replication of Ad5Luc1 and Ad5LucFF/6H in 293/6H cells had any confounding effect on the relative efficiencies of their gene transfer capabilities, we compared the infectivities of these vectors on 293/6H cells by using the spot assay developed by Bewig and Schmidt (2) . This technique excludes any potential effects of viral replication on the ratio of the vectors' transduction capacities, thereby providing a direct measure of Ad infectivity. According to this assay, the differential between the capacities of these vectors to infect 293/6H cells was equal to 51, which is similar to that observed earlier in our gene transfer experiments.
Taken together, these data strongly suggest that as a result of the replacement of the fiber in the Ad5LucFF/6H capsid with the FF/6H chimera, this vector possesses the capacity to achieve cell infection in a CAR-independent, receptor-specific manner via interaction of the virus with the AR.
DISCUSSION
In this study, we have developed a novel approach to the modification of Ad vector tropism by replacing the receptorbinding fiber protein in the Ad capsid with an artificial protein chimera. The rational design of this chimera, based on the general structural similarity of the Ad5 fiber and bacteriophage T4 fibritin, has resulted in the derivation of a novel ligandpresenting molecule. The most important difference between this protein and the wild-type fiber is the disengagement of the trimerization and the receptor-binding functions normally performed by the fiber knob domain. As a result of this distribution of functions, the receptor specificity of the reengineered Ad5 vector may now be defined by a domain of the chimera which plays no role in the trimerization of the molecule and may therefore be manipulated without the risk of destabilizing the ligand-presenting protein and the virion. Previous successful reports of the use of T4 fibritin for ligand display (10, 22) suggest that a wide variety of heterologous targeting ligands, including large polypeptide molecules, could be employed in the context of the fiber-fibritin chimera described here.
Fibritin chimeras analogous to the one described in this work may be viewed as versatile ligand-displaying molecules suitable for the genetic modification of virtually any human or animal Ad vector. The problem of the elimination of undesirable natural tropism of native fibers contained in the Ad virion may thus be solved by replacement of native fibers with such fibritin chimeras. This approach has a significant advantage over maneuvers involving the identification and subsequent mutagenesis of the native receptor-binding sites within the fibers of numerous Ad species, some of which are able to bind to different types of primary receptors. In addition, the strategy of fiber replacement eliminates the risk of reversion of the mutated fiber gene to the wild type during multiple rounds of propagation, which, if it happened, would compromise the efficiency of any vector targeting schema.
An additional advantage offered by Ad vectors incorporating the fibritin-based chimeras for the purposes of human gene therapy becomes apparent in light of recently published data on interference of anti-fiber antibodies present in the sera of some gene therapy patients with the Ad vectors used in clinical protocols (11) . Importantly, these antibodies have been shown to have a synergistic effect on Ad vector neutralization when present together with anti-penton base antibodies. Thus, deletion of most of the fiber sequence in the fibritin-bearing Ad vectors would make them refractory to this type of immune response and therefore more efficient as therapeutic agents.
